In this paper, we present a method to estimate CO 2 reduction potential by increasing the truck size. Trucks are apparently the most preferred freight transport option for most shippers. Therefore, increasing the truck size may be a realizable and practical strategy, except when logistics companies (truck owners) tailor their truck sizes to customer needs despite their inefficiencies. However, increasing the truck size is not justified in all situations. Some types and sizes of trucks may fit specific distance ranges. The distance range in which a certain type and size of truck shows the highest efficiency can be determined by the break-even distance of the corresponding truck type/size. Using this information on break-even distances, the government can roughly estimate the potential CO 2 savings. Based on a case study of only pallet shipping trucks, if a subsidy of a 10% discount of new truck purchase costs is given to 1,000 truck owners for 10 years to foster an increase in the sizes of their trucks, the net amount of CO 2 emissions that can be saved by 2020 would be 103,069 t. Even though the quantity is not significant, the government expects that shippers and truck owners will more rationally select truck sizes if the information of the break-even distances is provided to the trucking market.
Introduction
The Korean government has considered two key strategies to reduce CO 2 emissions in the freight transportation sector by 2020. The first is the modal shift. It has been widely accepted that the modal shift is one of the most effective and sustainable ways to reduce CO 2 emissions in the freight sector (Mckinnon, 2003) . It has been proven that CO 2 emissions per tkm between trucks and rail-and vessel-based intermodal systems are considerable (Mckinnon, 2003; Van Essen et al., 2003; McKinnon and Piecyk, 2010; Park et al., 2012; Kim and Van Wee, 2014) . However, when the size of the country is insufficient to producing economies of distance for rail or inland waterways, such as Korea, a modal shift to the rail/inland waterway does not occur. This is due to time and cost disadvantages, such as high drayage costs and delays at transshipment points (Kim and Van Wee, 2011) . As a secondary strategy, a more realistic approach would be to increase the efficiency of trucks rather than changing the major transport mode. This is because trucks continue to be the most preferred freight transport option for most shippers (Teo, Taniguchi, and Qureshi, 2014) . The most common way to increase the efficiency of trucks is to increase their sizes, despite the relatively lower impact on CO 2 savings that this would have compared to the modal shift. It is evident that larger trucks are more energyefficient than smaller trucks if they are fully loaded (Mckinnon, 2003; Odhams et al., 2010; Woodrooffe et al., 2010; EC, 1999; ATRI, 2011) .
This study was motivated by the following research questions: How much CO 2 can be saved if a specific percentage of trucks are more efficiently operated by increasing their sizes? What types/sizes of trucks should be increased and why? Is it realistic to aim to attain the target amount of CO 2 , which is approximately 0.5 M ton? To address these questions, we designed three research steps. First, the concept of the break-even distance is applied to the trucking field. Generally, the concept of the break-even distance has been applied as a comparison among different freight transportation modes or systems (Kim and Van Wee, 2011; Rutten, 1995) . It is assumed that a specific type/size of truck is chosen in a specific distance range in terms of the minimum unit cost. This distance range is determined by the respective break-even distances. The break-even distances of all pre-classified trucks are estimated. In other words, it is known what types/sizes of trucks have the minimum unit costs in specific distance ranges. This can be considered a theoretic (ideal) economic distance range (for a type of truck), which can differ from the distance range observed in the real trucking market. Second, the actual distance traveled according to the types/sizes of the trucks was examined by using a trucking industry survey conducted by the Rutten (1995) defined the break-even point as the distance at which the costs of intermodal transport equal the costs of truckonly transport. The basic concept is quite simple, as shown in Eq.
(1).
where TC A is the total cost of A transport mode or system (e.g., truck only), and where TC B is the total cost of B transport mode or system (e.g., intermodal transport). Figure 1 shows the cost competition and break-even distance between a rail-based (or barge-based) intermodal system and truck-only system. Owing to the two cost factors (i.e., drayage and transshipment costs of the intermodal system), calculating the intermodal break-even distance is more complicated than that of its counterpart.
Point D is the break-even point at which the total cost of an intermodal system is equal to the total cost of a truck-only system. In other words, before the break-even point, the truckonly system is economical, whereas after that point, the intermodal system is better. The lower slope of the rail or barge part indicated as d describes the economies of distance such that, in general, as the distance increases, the total cost decreases. The higher slopes denoted as a HO and a HD show the drayage rate, which is more expensive than the long-haulage truck rate. At B and C, the transshipment costs occur. Thus, the break-even distance is a result of the trade-off between the long-haulage trucking cost and intermodal cost. This is determined by the long-haulage trucking rate, b, and the drayage rates, a HO and a HD , as well as by the transshipment costs, c HO and c HD , and rail or barge rates.
Break-even Distance Comparison Among Trucks
As in the intermodal and truck-only systems, the break-even distance of a given truck can be found when it is compared to other trucks. This conceptual approach is the same as the case of the intermodal system, except the former does not consider drayage and transshipment. The first break-even point between types A and B is indicated as A, as shown in Fig. 2 . The total costs of the two truck types are the same in this case. In other words, before this break-even point, the type A truck (small truck) is economical. However, after this point (i.e., for a longer distance) the type B truck is more economical. The break-even distance indicated as B can be interpreted in the same way. This phenomenon can be explained with fixed and variable costs (Fig. 2) . It is assumed that a variable cost is proportional to the distance (i.e., a constant rate).
Market Observation on Trucking Distance for Analysis

Classification of Truck Types
One problem in applying this concept to the trucking market is that there are too many different types/sizes of trucks to be compared. Thus, trucks must be classified by type in a simpler way. To this end, the first standard is the Federal Highway Administration's development of 13 classes in terms of the gross vehicle weight rating (GVWR) and numbers of axles, tires, and single and multiple units (Randall, 2012) .
Secondly, according to the directives and regulations on motor vehicles by the European Commission (EC, 2014; UKdft, 2009) , two types of trucks, categories N and O, exist. Category N is comprised of "motor vehicles with at least four wheels designed and constructed for the carriage of goods," while category O is comprised of trailers (including semi-trailers). There are three category N subcategories: "Vehicles designed and constructed for the carriage of goods and having a maximum mass: not exceeding 3.5 t; exceeding 3.5 t but not exceeding 12 t; exceeding Fig. 3 , outlines 12 vehicle classes, which is similar to the FHWA classification system (Randall, 2012; MLIT, 2013) . However, these classifications do not address the requirements of the present research topic. The criterion for classification in this study is the maximum payload (i.e., capacity in weight). Thus, trucks are reclassified by type and payload, as shown in Table 1 .
The cargo truck type (Table 1: ID column A1-A9) has no enclosed body and is popular in Korea. Van and wing body trucks (indicated as T 1-5 and W 1-4) are panel trucks with fully enclosed bodies. They differ in terms of where the gate is installed for loading and unloading. The average box loaded in each truck except the cargo truck type is estimated the payload of the truck in m 3 divided by average box size in m 3 which is obtained through market observation (0.045 m 3 ). The average pallets loaded in different size/type of trucks are obtained by observing trucking market (e.g. HOMEPLUS, a warehouse distribution company invested by TESCO). For a tractor-trailer combination (C 1-12), C1 -5 and C10-12 are the containerloadable trucks while C6 -9 do not allow container. In previous studies (Odhams et al., 2010 , Woodrooffe et al., 2010 , W and T types are deemed rigid; C 1-6 and C9 are often referred to as a single trailer or workhorse; and C 7-8 and C 10-12 are referred to as double or high capacity. In addition, an issue with manufacturers exists. The five main manufacturers considered in the analysis are Benz, Daewoo, Hyndai, Scania, and Volvo. Their market share is greater than 95% of the Korean trucking industry. The averages of their different truck sale prices, fuel consumption rates, and sizes used in the analysis are summarized in Table 1 . The information about how much it costs to operate different types of trucks is very important in the scope of this study and the truck sale prices crucially affect the total operation cost. It is required to look into the variability of the truck sales cost later.
Matching Commodity/unit Load with Truck Type/size
Because the sizes and characteristics of commodity/unit loads vary, the commodity/unit load must be matched with the truck type/size. Fig. 4 depicts a visualization of unit loads and trucks (Table 1 outlines the truck IDs). When examining the trucking market's focus on increasing the sizes of trucks, we determined that the truck shipment of containers does not compete with that of other unit loads, such as parcels and pallets. Thus, the breakeven distances should be separately estimated.
The single commodity, along with the parcel, pallet, and container, are matched with several types of trucks. This should be specified because significant errors occur when the differences between the respective sizes of loading units and trucks are ignored. For example, we observed the Less Than Truckload (LTL) market and obtained the average magnitude of the number of parcels for several trucks. This is reported in Table  1 in the column of the average number of boxes loaded in a truck. Both pallets and containers are reported in the pallet and TEU columns. The fuel efficiency in the average fuel efficiency column is the average value of several truck manufacturers.
Methodology
Potential Number of Upsizing Trucks
In this section, we present a method of estimating the potential number of trucks that would be more beneficial if the size is increased based on the concept of the break-even distance. A simple example is shown in Fig. 5 . There are three truck sizes: type A (small), type B (medium), and type C (large). There are three break-even points in which three segments are made: less than A; between A and B; and greater than B (the first, second, and third segment, respectively). In the first segment, the type A truck is most beneficial (i.e., incurs the lowest cost). In the second and third segments, types B and C are respectively the most efficient in terms of total cost. This basic concept can be applied for any combination of three or more consecutive trucks in the sizes shown in Table 1 (e.g., A6-A7-A8; W1-W2-W3- W4; C1-C2-···-C12). Let, α 2 , β 2 , and γ 2 be the numbers of type 2 trucks (medium sized) observed when travelling "Before, Within, and After the corresponding break-even segment, respectively (vehicle). Additionally, let δ 2 , ε 2 , and ζ 2 be loading units of α 2 , β 2 , and γ 2 , respectively (either the numbers of parcels, numbers of pallets, or TEU). λ i denoted the desired (optimized) i type of trucks which is fit to the range in terms of the break-even distances.
We observed the type 2 and determined that it is most efficient to be run in the second segment rather than in other segments because its unit cost is the lowest. However, some type 2 trucks would be observed either in the first or third segment in the real market. For the first segment, those trucks are certainly inefficiently operated in terms of the unit cost. Thus, the number of type 2 in the first segment is replaced with another truck type that would be the most efficient in the segment (in this case, a type 1). To convert a type 1 from a type 2, the number of loading units shipped in the 2 type is estimated (i.e., the number of type 2 trucks is converted into maximum loading units). Representing the symbols in Fig. 5 , α 2 is converted into δ 2 . The estimated maximum loading unit (δ 2 , in this case) is reconverted into the number of type 1 trucks which would be better option than type 2. As the symbols, δ 2 is converted to λ 1 . In general, what is important is to determine γ i (we do not need to consider α i because it is equal to γ i-1 ). Note, there is some possibility that β 2 would be different from λ 2 since some β 2 that might be inefficiently operated also need to convert to the other types of trucks.
CO 2 Reduction Mechanism by Increasing the Truck
Size It would be more efficient if types 1 and 3 are used in the first and third segments instead of a type 2 trucks. Specifically, if á 2 and ã 2 are replaced with α 1 and γ 3 , respectively, it might be the optimal case. Thus, the potential reduction in CO 2 emissions is the difference between the amount of CO 2 emission produced by α 2 and γ 2 and the amount of CO 2 emission produced by λ 1 and λ 3 . The units of α 2 , γ 2 , λ 1 and λ 3 are the numbers of vehicles that can be converted to the number of trips. When the truck size increases, the number of trips is reduced. It is worthwhile to show a simple test that ACEA conducted (Larsson, 2009 ). The test primarily serves to determine how many trips are required for transporting 106 EU pallets (600 kg/pallet) according to different vehicle sizes. A 3.5-t truck in GCW must conduct 53 trips, whereas a 26-t truck in GCW requires only six trips. This result would be reduced to two trips if the truck of 60 in GCW is respectively used. This mechanism will work well for fixed routes between unchanged Origin-Destination (OD) pairs on a regular basis.
Analysis and Case Study
Information that is critical for estimating potential CO 2 emissions is the updated numbers of trucks; e.g., λ 1 and λ 3 in the example above. The criteria to find the updated numbers of trucks are the break-even distances. One may attempt to estimate all the break-even distances for all types of trucks. However, shifting from one type of truck to another occurs in very limited loading units. In this study, three types of loading units are considered, as shown in Fig. 5 : parcels, pallets, and containers. Thus, it makes sense that the break-even distances are separately estimated from among the groups considered. Each group is associated with a type of network; i.e., a group of (1) parcelpickup and delivery trucks; (2) pallet shipping trucks; and (3) container shipping trucks.
For all later analyses, some assumptions are commonly applied. First, the costs of the trucks are based on market observation, such as average fuel efficiency (km/liter), total fixed cost (Korean Won; KW (USD = 1,100 KW in January 2015), fixed cost per day (KW), and variable cost (KW/km) in the year of 2012, as shown in Table 1 . Second, the price of diesel in 2012 was 1,950 KW/liter (about 2 USD/liter), which was expensive compared to the price in the year in which this research was conducted.
Break-even Distance Estimation for Three Groups
Break-even Distances of Parcel Pickup and Delivery
Trucks (group 1) The groups of trucks in which parcels can be shipped are T1-4, A1-9, and W1-2. Of this wide range, only T1-3 were compared because they were the most popular truck group in Korea according to pickup and delivery market observation. We assumed that the pickup and delivery distance was less than 70 km and that one box size is 0.045 CBM. Additionally, because the quantity to be shipped is another variable that influences both the choice of truck size and its break-even distance (Abate and de Jong, 2014) , four demand scenarios of 10,000, 20,000, 50,000, and 100,000 parcels were designed (Fig. 6) .
The break-even distance of T2 (a van type with a 1-ton payload and larger space compared to T1) was determined to be approximately 80 km in the case of 10,000 boxes ( Fig. 6(a) ), while it decreased to approximately 40 km when the box demand was doubled (Fig. 6(b) ). As the number of boxes increased to 50,000 and 100,000, the break-even distance of T3 was approximately 80 km and 48 km, respectively. T2 showed the lowest unit cost between 15 km and 80 km for 50,000 boxes, and between 9 km and 46 km for 100,000 boxes. It is clear that the break-even points of trucks with lower payloads were lower. In other words, T2's break-even points were 80 km, 40 km, 15 km, and 9 km as demand increased from 20,000 boxes to 100,000 boxes.
Break-even Distances of Pallet Shipping Trucks
(group 2) The groups of trucks that accommodated load pallets were W2-4 and C1-12. Although pallets are possibly loaded in C types, the most frequently observed type and size of truck group in short and medium distances were W types. Of the C type, C1-9 were added for examining higher demand levels and longdistance effects. Thus, W2 to 4 and C1 to 9 were included in the analysis, as shown in Fig. 4 . Because demand remains the most sensitive factor, two scenarios were examined: the number of pallet shipping of 2,500 and 8,000 per year. The former was approximately 10 pallets per day, as shown in Figs. 7(a) and (b) , while the latter was approximately 30 pallets per day, as shown in (c) and (d). No competition was observed for the short distance; therefore, the distances in all the graphs within Fig. 7 are presented from 150 km. Figs. 7(b) and (d) are enlarged versions of (a) and (c), respectively. In Fig. 7(b) , W2 is the most efficient type/size before 175 km, while W3 showed the lowest unit shipping cost between 175 km and 192 km. After 192 km, C3 was the most efficient mode. C8 in (b) shows a very low slope. In other words, C8 could be a better option if either the number of pallets or the distance increased. This was confirmed, as shown in Fig. 7(d) .
The break-even distance of C8 was approximately 205 km, thereby surpassing C3 as the demand increased to 8,000 pallets.
Break-even Distances of Container Shipping Trucks (group 3)
Containers can be shipped on only C types categorized in Table 1 . Among the 12 options, only 4 types were considered: C1, C2, C10, and C11. C3 to C9 are made for pallet shipping purposes rather than container shipping. C12 was tested; however, it showed almost similar results as C11. Therefore, C12 was removed in the graph. Except for C1, the three modes competed in the 100-km range. C11 showed the lowest unit cost after 70 km. In the case of 200 TEU (not presented here), C11 also showed the lowest unit cost after approximately 40 km. Therefore, regardless of demand, multi-trailers are better than other single tractor-trailer systems.
Data of Actual Distances Travelled by All Truck Types
In the previous sections, three reduction projects based on loading units and shipping characteristics (i.e., three groups) were analyzed. The key issue is to find γ i (we do not need to consider α i because it is equal to γ i-1 ). Freight Transport Market Research Center in The Korea Transport Institute (2015) examines the average shipping distances for all types/sizes of trucks with sampling every year. Thus, the percentage of specific truck types that exceed the corresponding break-even distances is readily found. However, it does not make sense that all trucks outside the break-even range will naturally shift to the 'fit' size of the truck. The shifted quantity should be discussed with the government intervention described in next chapter.
Discussions
Policy Implementation
Although a type of mode (in this study, a type/size of truck) may be evidently superior to its competitors, the government cannot force truck owners or shippers to change the size of the trucks. In many cases, government indirectly supports truck drivers by providing subsidies. Specifically, the government can identify some truck owners who inefficiently operate their trucks according to the break-even distances. Secondly, the government can provide subsidies for the identified truck owners (not for all, but for some volunteers based on a first-in first-served basis) to increase the size of their trucks. The potential number of sizeincreased trucks, as shown in Table 2 -for example, group 2-is used to estimate the number of trucks (e.g., γ i ) as receivers of the subsidies. The potential CO 2 reduction according to a plan is also shown in Table 2 . We previously analyzed and discussed estimation of the amount of CO 2 emissions that can be potentially saved through truck size changes. One analytical assumption adopted in this study is the concept of the break-even distance. In general, the strategy to increase the truck size is to decrease the break-even distance. We suggest a strategy with two variants to shorten the break-even distance: 1) policies to reduce fixed costs (indicated as 'F' in Fig.  9 , later on 'F policy'), and 2) policies to reduce variable costs (indicated as 'V' in Fig. 9 , later on 'V policy').
An example of 'F policy' is to provide a purchase subsidy for a specific type of truck that predominantly fits within a certain distance range (i.e., discounting a specific percentage of truck purchase costs results in a fixed cost discount). 'V policy' can be used to impose a so-called 'a km-based CO 2 tax' or an increase in fuel price (i.e., a variable cost change). Specifically, imposing a tax or increasing the fuel price simultaneously decreases the variable cost of type A trucks. However, the overall effect should lead to a greater decreasing slope for B types rather than for A types. Therefore, to reduce CO 2 in logistics, the strategy of increasing the truck size can be considered as giving a purchase subsidy, which is the 'F policy'. Unlike a direct policy, such as those of 'F' and 'V policy' some indirect policies exist that are hardly categorized as having a fixed/variable cost: a change in permissible payload (Abate and de Jong, 2014) , technology subsidies, and inexpensive financing (Guerrero et al., 2013) .
In this study, we assume that the government will decide to provide subsidies to a very small number of truck owners for a limited shipping group (1,000 truck owners per year for group 2). As a result, at least in a numerical example, the amount of reduction until 2020 is expected to be approximately 103,069 t. The accumulated number of subsidy receivers would be 10,000, which is less than 3% of the entire registered truck owners in Korea. The potential amount of CO 2 is estimated as 0.1 M, which is smaller than the target amount of CO 2 (0.467 M t).
The questions initially asked were the following: How much CO 2 can be saved if a specific percentage of trucks are more efficiently operated by increasing their sizes? What types/sizes of trucks should be increased? Is it realistic to aim for the target amount of CO 2 , which is approximately 0.5 M t? The answer to the last question seems optimistic. By slightly increasing the subsidy receiver group, the target would be realistic. However, the strategy to shift to larger trucks through a 'subsidy' does not seem desirable in the long term. It would be more beneficial for truck owners if the government provided a guideline based on the estimation of break-even distances of several types/sizes of trucks and expected fuel savings according to the estimation. Truck owners could decide to adjust their truck sizes according to their major/regular O-D distances if they fully know the breakeven distance information. Consequently, a better effect could be expected, although it is beyond the scope of this study. Nevertheless, it is important that this project is undertaken on a voluntary basis. Truck owners and shippers always pursue better efficiency. This means that the seemingly inefficient operation with smaller trucks could be customized and optimized for some truck owners/shippers. Therefore, it would be risky to assume that truck operations outside the break-even range are always inefficient.
In addition, it is notable that the role of the government is still debatable. It was demonstrated throughout Figs. 6, 7, and 8 that truck carriers might optimally choose bigger trucks voluntarily whether there is a subsidy or not. In a perfect competitive market that all the information is well shared among truckers and shippers, the size of trucks is adjusted according to the distance and frequency of trips (orders). However, in the unstable trucking industry like one in Korea, such shifting does not happen well. The subsidy is a sort of catalyst or stimulus to the market. Some might argue there are much smoother options to lead the trucking market at equilibrium where trucks are optimally allocated because the subsidy policy for encourage to adjust the size of trucks is not directly target CO 2 reduction.
Other Overlooked Issues: Trade-off
This study overlooked some important issues. The first issue is to compare the break-even distance based on internal (operational cost) only with the other break-even distance based on the full (social) cost including other external cost such as greenhouse gases, air pollutants (NOx, PM, NOx), noise, traffic accident and so on. The second issue is the trade-off between some benefit gained from bigger trucks and some extra cost to road pavement damage which should not be ignorable. Taking into account infrastructure damage, LCA (life cycle assessment) could be a future study. 
Conclusions
In this paper, we presented a model for estimating the amount of potential CO 2 emissions by increasing the size of trucks. It is known that larger trucks are more energy efficient than smaller trucks if they are fully loaded (Mckinnon, 2003; Odhams et al., 2010; Woodrooffe et al., 2010; EC, 1999; ATRI, 2011) therefore, the government expects to reduce a specific amount of CO 2 if they guide truck owners who seem to inefficiently operate their trucks. One way to guide truck owners is to provide them with a subsidy when they replace their old trucks for new ones. The concept of the break-even distance is used as the criteria for subsidy distribution.
In addressing the initial questions, it seems possible to meet the target based on the assumption that 1,000 truck owners will receive a new truck purchase subsidy (i.e., a 10% discount in this study); nevertheless, many uncertainties remain. One scenario is that the government may decide to expand or shrink the size of the subsidy; the other is that some truck owners might voluntarily shift their trucks toward greater efficiency once the break-even information is uncovered.
